Abstract. High-molecular weight organic compounds known as carriers are widely used to expedite polyester dyeing at atmospheric pressure at 100 ºC. However, carriers are usually poorly biodegradable and can partially plasticize fibres. Also, dyeing at temperatures above 100 ºC in the absence of a carrier entails using expensive equipment. In this work, we developed an alternative method for dyeing polyester at temperatures below 100 ºC that reduces energy expenses, dispenses with the need to invest in new equipment and avoids the undesirable effects of non-biodegradable carriers. The method uses disperse dyes in a microemulsion containing a low proportion of a non-toxic organic solvent and either of two alternative development auxiliaries (coumarin and o-vanillin) that is prepared with the aid of ultrasound.
Introduction
PET fibres are hydrophobic [1] and contain no chemically active groups, which hinders their dyeing in aqueous media [2] and requires using disperse dyes that are almost insoluble in water [3, 4] . In fact, dyeing polyester typically entails dispersing a swelling agent (a carrier) and the dye among fibres at a high temperature and pressure [5] Efficiently using disperse dyes with polyester fibres entails operating at temperatures above their glass transition point (80 ºC) [6] [7] [8] Some organic solvents used as carriers to swell polyester fibres for dyeing contain phenyl-phenol, phenyl-chloride or phenyl-alkyl groups, among others [9] [10] [11] ´As noted earlier, carriers are often scarcely biodegradable and tend to plasticize fibres, thereby lowering their glass transition temperature (Tg) [ 12] . Carrión-Fite [7] developed an alternative method for dyeing polyester with reduced energy costs, investments and unwanted effects [13] . The method uses temperatures as low as 40 ºC or even lower in combination with disperse dyes in a micro-emulsion containing a low proportion of an organic solvent (an alkyl halogen) and phosphoglyceride as emulsifier that is prepared under sonication [7] . Growing ecological concerns have led to strict regulation of textile dyeing and finishing processes [14] , which has promoted a search for natural, safer substances for use by the wet textile processing industry [7, 14, 15] . For example, Pasquet et al [15] used o-and p-vanillin at high concentrations as alternatives for toxic carriers in the low-temperature dyeing of polyester fabrics with low-molecular weight disperse dyes in the presence of ethanol as co-solvent. In this work, we developed an alternative method for dyeing polyester with disperse dyes at a low temperature. The method uses a micro-emulsion consisting of a non-toxic organic co-solvent n-butyl acetate, which was previously used by Carrion-Fite [15] and either of two agro-sourced development auxiliaries[o-vanillin, which was previously employed by Pasquet et al [16] , or coumarin. The microemulsion is prepared with the aid of ultrasound. The dyeing process was conducted by using various low-molecular weight disperse dyes at different temperatures below 100 ºC and its kinetics at each temperature examined. ) supplied in 99.8% purity by Panreac (Barcelona, Spain).
Experimental
Non-ionic surfactant for pre-dyeing washing. Hostapal, obtained from Archroma GmbH (Sulzbach, Germany).
Post-dyeing reductant. QP-grade 85% pure sodium dithionite (MW = 174.11 g·mol
) and analyticalgrade sodium hydroxide purissimum, both supplied by Panreac.
Equipment
Dyeing. A Linitest dyeing apparatus furnished with 300 ml sealed cans that was purchased from Atlas MTT GmbH (Germany) Washing. A Launder-Ometer with 550 ml sealed cans also purchased from Atlas (Illinois, USA). 
Dyeing conditions.
The dyeing bath contained 3 g of polyester fabric, a 2% concentration of disperse dye, a 1 ml/1 g o.w.f. concentration of solvent (n-butyl acetate) and a 4% o.w.f. concentration of auxiliary. The bath ratio was 1:60 and the temperature 65, 75, 83 or 95 ºC. The dyeing apparatus was used with closed containers at a constant agitation rate and temperature. The operation time was 120 min -by exception, that used at the lowest temperature (65 ºC) was 150 min.
Dyeing procedure.
Each dyeing bath was prepared from a 4% o.w.f. concentration of auxiliary (ovanillin or coumarin) that was dispersed in 3 ml of n-butyl acetate and made to 180 ml (B.R: 1:60) with distilled water. Emulsification was facilitated by mechanical stirring with a propeller shaker, followed by ultrasound (2 w/ml, 1 min). The auxiliary emulsion contained a 2% o.w.f. concentration of disperse dye -previously dissolved in the solvent-in the required volume for the applicable bath ratio (180 ml). Each emulsion was warmed to the present temperature for each assay, which was kept constant throughout the dyeing process. The temperatures used were 65, 75, 83 and 95 °C. One-half of all tests used o-vanillin and the other half coumarin as auxiliary.
Post-dyeing washing.
After dyeing, the fabric was washed in a reductive medium to remove all dye absorbed onto fibre surfaces. The reduction washing process consisted of 0.5 g/l soda and 2 g/l sodium hydrosulphite in distilled water and was followed by washing at 50 °C for 30 min. The bath ratio was 1:50 (150 ml per sample). The equipment used to wash dyed fabric was a Launder-Ometer with 550 ml cans for each specimen. An amount of 3 g of specimen was washed in a 150 ml wash bath under the above-described conditions. After, the wash fastness of a dyed fabrics during 120 min was obtained.
Determination dye absorption.
The amount of dye absorbed by the polyester fabric was determined by extraction with N,N-dimethylformamide (DMF) and calculated from a linear line for the calibration of each disperse dye. As per the Beer-Lambert law, the absorbance at the maximum wavelength in the visible spectrum was a linear function of the concentration of dye dispersed in DMF. The diffusion of dyes into fibres depends on the local rate of dye transport in the substrate in relation to the concentration gradient, the geometry of the medium, and the radius of the fibre cross-section. The difficulty of measuring these variables led us to use the following Cegarra-Puente kinetic equation [8] :
Result and discussion

Dyeing kinetics and rate constant
Where Ct = dye concentration on fibres at time t C∞ = initial concentration in the dye bath Table 1 shows the dyeing absorption rate constants, and their respective correlation coefficients, as calculated from equation (1). Table 1 . Absorption rate constant (K) and correlation coefficient (r) for the kinetics of dyeing of polyester with disperse dyes in the presence of o-vanillin or coumarin as development auxiliary. As can be seen, the absorption rate constant for both dyes increased with increasing temperature. Also, the correlation coefficients were good (in general, higher than 0.94 with o-vanillin and somewhat lower but still exceeding, in general, 0.91 with coumarin). Exhaustion after dyeing was acceptable in all cases except below 75 ºC -this temperature is lower than glass transition temperature of polyester. Table 2 shows colour fastness of to domestic and commercial laundering according to the standard methodology and using the A2S test indicated in this standard [17] . 
Wash fastness of polyester fabric dyed
